Myofibroblasts participate in physiological wound healing and pathological fibrosis. Myofibroblast differentiation is characterized by the expression of ␣-smooth muscle actin and extracellular matrix proteins and is dependent on metabolic reprogramming. In this study, we explored the role of glutaminolysis and metabolites of TCA in supporting myofibroblast differentiation. Glutaminolysis converts Gln into ␣-ketoglutarate (␣-KG), a critical intermediate in the TCA cycle. Increases in the steady-state concentrations of TCA cycle metabolites including ␣-KG, succinate, fumarate, malate, and citrate were observed in TGF-␤1-differentiated myofibroblasts. The concentration of glutamate was also increased in TGF-␤1-differentiated myofibroblasts compared with controls, whereas glutamine levels were decreased, suggesting enhanced glutaminolysis. This was associated with TGF-␤1-induced expression of the glutaminase (GLS) isoform, GLS1, which converts Gln into glutamate, at both the mRNA and protein levels. The stimulation of GLS1 expression by TGF-␤1 was dependent on both SMAD3 and p38 mitogen-activated protein kinase activation. Depletion of extracellular Gln prevented TGF-␤1-induced myofibroblast differentiation. The removal of extracellular Gln postmyofibroblast differentiation decreased the expression of the profibrotic markers fibronectin and hypoxia-inducible factor-1␣ and reversed TGF-␤1-induced metabolic reprogramming. Silencing of GLS1 expression, in the presence of Gln, abrogated TGF-␤1-induced expression of profibrotic markers. Treatment of GLS1-deficient myofibroblasts with exogenous glutamate or ␣-KG restored TGF-␤1-induced expression of profibrotic markers in GLS1-deficient myofibroblasts. Together, these data demonstrate that glutaminolysis is a critical component of myofibroblast metabolic reprogramming that regulates myofibroblast differentiation.
triggers the differentiation of fibroblasts into myofibroblasts (3) . Myofibroblasts are synthetic cells that secrete large amounts of extracellular matrix (4) . Myofibroblasts also express ␣-SMA 2 and myosin proteins that assemble stress fibers to facilitate their contractile activity (5) . TGF-␤1 has been reported to mediate myofibroblast differentiation through activation of the canonical SMAD signaling pathway. However, alternative pathways to SMAD signaling involving p38 MAPK, c-Abl, or c-Jun have also been shown to participate in myofibroblast differentiation (6 -8) .
The TCA cycle provides precursors for biosynthesis and energy production (9, 10) . In cases of energy crisis or in response to anabolic demand, cells up-regulate anaplerotic reactions such as glutaminolysis (11) (12) (13) (14) . Anaplerotic reactions supply the TCA cycle with metabolites to support the production of reducing equivalents for oxidative phosphorylation (OXPHOS) and anabolic carbons for biosynthesis (15, 16) . Glutaminolysis is a two-step reaction that converts Gln into ␣-ketoglutarate (␣-KG). The first step of glutaminolysis leads to the deamidation of Gln to produce Glu and is catalyzed by mitochondrial glutaminase (GLS). The second step of glutaminolysis leads to the conversion of Glu to ␣-KG and is catalyzed by glutamate dehydrogenase (17) or aminotransferases (18) . To date, three mammalian glutaminases have been identified. The liver-type glutaminase (GLS2), the kidney-type glutaminase (KGA), and glutaminase C (GAC), which is a spliced variant of KGA. Both KGA and GAC are referred to as GLS1 (19 -23) .
Glutaminolysis has also been reported to activate the transcription factor, hypoxia-inducible factor-1 ␣ (HIF-1␣) under normoxic conditions (24) . HIF-1␣ regulates the expression of profibrotic markers downstream of TGF-␤1-induced SMAD3 activation (25, 26) . HIF-1␣ also regulates the expression of multiple genes involved in metabolic reprogramming (27) (28) (29) .
We have previously reported that the metabolic reprogramming in TGF-␤1-differentiated myofibroblasts results from the up-regulation of mitochondrial biogenesis and the expres- 2 The abbreviations used are: ␣-SMA, ␣-smooth muscle actin; ␣-KG, ␣-ketoglutarate; HIF, hypoxia-inducible factor; TCA, tricarboxylic acid; GLS, glutaminase; KGA, kidney-type glutaminase; OXPHOS, oxidative phosphorylation; GAC, glutaminase C; NT, non-targeting; FN, fibronectin; OCR, oxygen consumption rate; ECAR, extracellular acidification rate; qPCR, quantitative PCR; MAPK, mitogen-activated protein kinase; DMEM, Dulbecco's modified Eagle's medium.
cro ARTICLE sion of glycolytic enzymes such has hexokinase II and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (30, 31) . In this study, we investigated the role of mitochondrial glutaminolysis in myofibroblast differentiation induced by TGF-␤1. We found that TGF-␤1 stimulates glutaminolysis through increasing GLS1 expression in myofibroblasts and that TGF-␤1-induced glutaminolysis regulates myofibroblast differentiation.
Results

TGF-␤1 increases the steady-state level of TCA cycle metabolites
To determine whether TGF-␤1 modulates the activity of the TCA cycle, we analyzed steady-state levels of TCA cycle metabolites in control and TGF-␤1-differentiated human lung myofibroblasts. Myofibroblasts demonstrated a marked increase in the steady-state levels of citrate, ␣-KG, succinate, fumarate, and malate compared with controls ( Fig. 1) . Glutaminolysis provides ␣-KG to the TCA cycle following the conversion of Gln to ␣-KG. The first step of glutaminolysis involves the conversion of Gln into Glu. The concentration of Gln was significantly decreased, whereas Glu levels were increased in myofibroblasts compared with controls in response to TGF-␤1 treatment (Fig.  1) . These data are consistent with TGF-␤1 increasing the flux of TCA cycle metabolites and promoting glutaminolysis.
TGF-␤1 up-regulates the expression of glutaminase 1 in myofibroblasts
To determine whether TGF-␤1 stimulates glutaminolysis via the regulation of glutaminase expression, we analyzed the protein and mRNA levels of GLS1 and 2 in TGF-␤1-differentiated myofibroblasts. We observed that TGF-␤1 increased the protein and mRNA levels of both GLS1 isoforms, KGA and GAC, in myofibroblasts compared with controls (Fig. 2, A-D) . TGF-␤1 increased both GLS1 protein and mRNA expression in a time-dependent manner (Fig. S1, A and B) . GLS2 mRNA expression was significantly lower than that of GLS1 in human 
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lung fibroblasts and was not stimulated by TGF-␤1 (Fig. 2E) . Together, these data suggest that TGF-␤1 stimulates glutaminolysis in myofibroblasts through the up-regulation of GLS1 expression.
TGF-␤1 regulates the expression of GLS1 through both SMAD3-and p38 MAPK-dependent signaling pathways TGF-␤1 has been shown to mediate myofibroblast differentiation, primarily through the activation of the canonical SMAD signaling pathway. However, TGF-␤1 has also been reported to stimulate alternative pathways to SMAD during differentiation such as the p38 MAPK pathway. To determine whether TGF-␤1 up-regulates GLS1 expression through its binding to TGF-␤ type I receptor activin receptor-like kinase ALK5 (32), we analyzed the effect of a specific inhibitor (SB431542) of the ALK5 receptor on TGF-␤1-induced GLS1 (33, 34) . The blockade of ALK5 with SB431542 prevented the up-regulation of both KGA and GAC protein and mRNA expression in myofibroblasts compared with controls (TGF-␤1-treated lung fibroblasts treated with vehicle) (Fig. 3, A-C) . As a positive control for the blockade of ALK5, we analyzed the effect of SB431542 on the expression of ␣-SMA, a marker of myofibroblast differentiation. We observed that SB431542 prevented the expression of ␣-SMA in response to TGF-␤1 in lung fibroblasts compared with controls (Fig. 3D) . We next investi- Figure 2 . TGF-␤1 induces GLS1 expression in myofibroblasts. A, total cell lysates were isolated from IMR-90 cells treated with vehicle or TGF-␤1 (2.5 ng/ml, 48 h). Then protein levels of GLS1 isoforms KGA, GAC, and ␤-actin were determined by Western blotting (WB); molecular mass markers are indicated on the left side of the panel. B, densitometry analysis of total GLS1 in total cell lysates from controls or TGF-␤1-treated lung fibroblasts (48-h treatment). The values represent means Ϯ S.E.; the error bars represent S.E. *, p Ͻ 0.05 compared with control (n ϭ 3; 3 biological replicates total, 1 technical replicate per group per experiment). C and D, analysis of KGA and GAC mRNA in lung fibroblasts treated with vehicle or TGF-␤1 (for 48 h) was performed using qPCR. The bar graphs correspond to the effect of TGF-␤1 on the mRNA level of KGA (C) and GAC (D). ⌬Ct was first calculated between each target gene and 18S rRNA. The fold change of each target gene compared with control was calculated using the double ⌬Ct method (fold change ϭ 2 Ϫ⌬⌬Ct ). The values represent means Ϯ S.E.; the error bars represent S.E.; *, p Ͻ 0.05 compared with control (n ϭ 12; 4 biological replicates total, 3 technical replicates per group per experiment). E, analysis of GLS1 and GLS2 mRNA expression in lung fibroblasts treated with vehicle or TGF-␤1 (48 h) was performed using qPCR. The bar graphs correspond to the fold change of GLS2 mRNA relative to 18S rRNA in control or TGF-␤1-treated cells. The values represent means Ϯ S.E.; the error bars represent S.E. *, p Ͻ 0.001 compared with control (n ϭ 12; 4 biological replicates total, 3 technical replicates per group per experiment). A, total cell lysates were isolated from lung fibroblasts treated with DMSO or SB431542 (5 M) and with or without TGF-␤1 (2.5 ng/ml, 48 h). DMSO or SB431542 were applied 30 min prior the addition of TGF-␤1. Then protein levels of GLS1 (KGA and GAC isoforms), ␣-SMA, and ␤-actin were determined by WB; molecular mass markers are indicated on the left side of the panel. B-D, analysis of KGA, GAC, and ␣-SMA mRNA by qPCR in lung fibroblasts treated as described for A. The bar graphs correspond to the effect of SB431542 on the mRNA level of KGA (B), GAC (C), and ␣-SMA (D). ⌬Ct was first calculated between each target gene and 18S rRNA. The fold change of each target gene compared with control was calculated using the double ⌬Ct method (fold change ϭ 2 Ϫ⌬⌬Ct ). The values represent means Ϯ S.E.; the error bars represent S.E. *, p Ͻ 0.05 compared with control (n ϭ 6; 2 biological replicates total, 3 technical replicates per group per experiment). E, total cell lysates were isolated from lung fibroblasts transfected with NT or SMAD3 siRNA (100 nM) and treated with or without TGF-␤1 (2.5 ng/ml, 48 h). Then protein levels of total SMAD3 (T-SMAD3), GLS1 (KGA and GAC isoforms), ␣-SMA, and ␤-actin were determined by WB; molecular mass markers are indicated on the left side of the panel. F, analysis of SMAD3, KGA, and GAC mRNA by qPCR in lung fibroblasts treated as described for A. The values represent means Ϯ S.E.; the error bars represent S.E. *, p Ͻ 0.05 compared with control (n ϭ 6; 2 biological replicates total, 3 technical replicates per group per experiment).
gated effects of silencing SMAD3 using siRNA on TGF-␤1-induced GLS1 expression. The silencing of SMAD3 inhibited TGF-␤1-induced expression of GLS1 protein and mRNA compared with controls (lung fibroblasts transfected with a non-targeting (NT) siRNA). SMAD3 silencing significantly reduced baseline mRNA levels of both KGA and GAC (Fig. 3 , E and F), supporting an essential role for canonical SMAD signaling in this response.
To determine whether the p38 MAPK pathway also contributes to the stimulation of GLS1 expression by TGF-␤1, we analyzed the effect of a dominant-negative mutant of p38 MAPK (35) on TGF-␤1-induced GLS1 in myofibroblasts. TGF-␤1-induced GLS1 protein was decreased by 23% in myofibroblasts overexpressing the p38 MAPK dominant-negative mutant compared with controls (lung fibroblasts transfected with empty pcDNA3.1 vector) (Fig. S2, A-C) . Together, these data suggest that TGF-␤1 mediates its action on GLS1 expression through the combined activation of the SMAD3 and p38 MAPK-dependent pathways.
Myofibroblast differentiation by TGF-␤1 is dependent on the availability of glutamine
To determine whether myofibroblast differentiation requires Gln, we analyzed the effects of withdrawing extracellular Gln on the expression of myofibroblast differentiation markers. The removal of extracellular Gln prior to TGF-␤1 treatment of lung fibroblasts decreased the baseline expression of fibronectin by 55% and Col1A to undetectable levels, whereas the baseline expression of ␣-SMA was not significantly affected (Fig.  4A ). Gln depletion also reduced TGF-␤1-induced expression of fibronectin and ␣-SMA. Protein levels of fibronectin and ␣-SMA were decreased by 75 and 86% at 24 h post-TGF-␤1 treatment compared with controls. Gln depletion inhibited TGF-␤1-induced expression of Col1A1 (Fig. 4, A and B) . We next sought to determine whether the withdrawal of extracellular Gln reverses TGF-␤1-induced myofibroblast differentiation. To test this possibility, Gln was removed from the culture medium post-TGF-␤1 treatment of lung fibroblasts. We observed that the removal of Gln from TGF-␤1-differentiated myofibroblasts reduced the protein levels of fibronectin and HIF-1␣ by 48 and 53%; however, the lack of Gln did not affect TGF-␤1-induced ␣-SMA (Fig. 4, C and D) . These data suggest that the sustained activation of myofibroblasts is dependent on the availability of Gln. However, Gln depletion does not promote de-differentiation of myofibroblasts.
We previously reported that myofibroblast differentiation requires metabolic reprogramming characterized by an increase in OXPHOS and glycolysis (30) . To determine whether this metabolic reprogramming utilizes Gln, we analyzed the effects of removing Gln post TGF-␤1-induced differentiation on the oxygen consumption rate (OCR) and the extracellular acidification rate (ECAR) of myofibroblasts. As described previously, TGF-␤1 treatment increased OCR and ECAR in myofibroblasts compared with undifferentiated lung fibroblasts which we have shown is due to transformation of myofibroblasts to a more oxidative and glycolytic phenotype (30) . Gln depletion decreased both OCR and ECAR, at baseline, in undifferentiated lung fibroblasts. The removal of Gln post TGF-␤1-induced differentiation significantly reduced both OCR and ECAR in myofibroblasts. OCR decreased from 57 to 45 pmol/min per 25,000 cells, and ECAR decreased from 47 to 28 mpH/min per 25,000 cells in myofibroblasts (Fig. 4E ). OCR and ECAR traces and their analyses are shown in Figs. S3 and S4. Together, these data suggest that Gln is necessary for sustained expression of profibrotic markers and metabolic reprogramming in myofibroblasts.
GLS1 and ␣-KG production are required for myofibroblast differentiation
To determine whether the conversion of Gln to ␣-KG by glutaminolysis is required for myofibroblast differentiation, we analyzed effects of blocking glutaminolysis on myofibroblast differentiation. Glutaminolysis was inhibited by RNAi-mediated silencing of GLS1. The silencing efficiency of the GLS1 siRNA used for these studies was assessed by Western blot analysis (Fig. 5, A and F) . Silencing of GLS1 inhibited TGF-␤1-induced expression of the differentiation markers ␣-SMA, fibronectin, Col1A1, and HIF-1␣ in lung fibroblasts (Fig. 5,  A-E) . The addition of exogenous glutamate or ␣-KG restored TGF-␤1-induced expression of ␣-SMA and HIF-1␣ in GLS1-deficient lung myofibroblasts to a level similar to that of ␣-SMA and HIF-1␣ expression in controls (Fig. 6, A and B) . Together, these data suggest that myofibroblast differentiation depends on the availability of glutamate and ␣-KG from TGF-␤1-stimulated glutaminolysis.
HIF-1␣ has been reported to control glutamine-mediated redox homeostasis via the regulation of GLS1 expression (36). Our data show that HIF-1␣ protein and mRNA peak at 6 h post-TGF-␤1 (Fig. S1, A and B) . Although reduced compared with the 6-h time point, HIF-1␣ protein levels remained 75% higher than baseline at 48 h post-TGF-␤1 (Fig. 5, A and E, and Fig. S1 ). To determine whether HIF-1␣ participates in TGF-␤1-induced GLS1 expression in human lung fibroblasts, we silenced HIF-1␣ expression using an RNAi-based approach. Although basal and TGF-␤1-induced expression of KGA was modestly suppressed in HIF-1␣-deficient fibroblasts, the levels of GAC were increased (Fig. S5, A and B) . Thus, although HIF-1␣ may influence splicing of GLS1 isoforms, there does not appear to be an effect on the overall expression of GLS1.
Discussion
In this study we tested the role of glutaminolysis in TGF-␤1-dependent myofibroblast differentiation. Our data indicate that TGF-␤1 enhances glutaminolysis in myofibroblasts by increasing the expression of the glutaminase isoform, GLS1. TGF-␤1 induces GLS1 expression through a SMAD3 and p38 MAPKdependent signaling pathway. TGF-␤1-induced glutaminolysis increases the TCA cycle-derived metabolite, ␣-KG, and its downstream intermediates including succinate, fumarate, and malate. Blockade of glutaminolysis using Gln-free culture medium or silencing of GLS1 prevented TGF-␤1-induced myofibroblast differentiation. These studies identify glutaminolysis as an essential TGF-␤1-regulated metabolic pathway that is utilized by myofibroblasts for their bioenergetic and biosynthetic functions (Fig. 7) .
Our data suggest that glutaminolysis serves as an anaplerotic pathway in activated myofibroblast by supplying ␣-KG to the Glutaminolysis controls myofibroblast differentiation TCA cycle. Glutaminolysis has been well characterized as an anaplerotic reaction in cancer cells where it supports tumorigenesis and metastasis (14, 37, 38) . Enhanced glutaminolysis in cancer cells provides the TCA cycle with ␣-KG, which is then converted into anabolic carbons through the process of oxidative metabolism. Anabolic metabolites resulting from enhanced glutaminolysis are then used by enzymatic reactions that sustain cell growth and/or proliferation. The attenuated response to TGF-␤1 of lung fibroblasts deficient in GLS1 or grown in absence of Gln indicates a critical role for glutaminolysis in sup- A, total cell lysates were isolated from lung fibroblasts treated with or without TGF-␤1 (2.5 ng/ml, 0, 24, or 48 h) in the presence or absence of extracellular Gln. Then protein levels of ␣-SMA, FN, Col1A1, and ␤-actin were determined by WB; molecular mass markers are indicated on the left side of the panel. B, densitometry analysis of FN, ␣-SMA, and Col1A1 protein levels determined as described for A. The bar graph summarizes effects of withdrawing Gln from the extracellular culture medium on TGF-␤1-induced expression of FN, ␣-SMA, and Col1A1. The values represent means Ϯ S.E.; the error bars represent S.E. *, p Ͻ 0.05 compared with non-differentiated lung fibroblasts grown in the presence of Gln; #, p Ͻ 0.05 compared with TGF-␤1-treated lung fibroblasts grown in the presence of Gln; ¶, p Ͻ 0.05 compared with non-differentiated lung fibroblasts grown in presence of Gln; n.s. stands for non-significant difference between means (n ϭ 3; 3 biological replicates total, 1 technical replicate per group per experiment). C, total cell lysates were isolated from lung fibroblasts treated with or without TGF-␤1 (2.5 ng/ml, 24 h) and switched or not to Gln-free medium for 24 h post-TGF-␤1 treatment. Then protein levels of FN, HIF-1␣, ␣-SMA, and GAPDH were determined by WB; molecular mass markers are indicated on the left side of the panel. D, densitometry analysis of FN, HIF-1␣, and ␣-SMA protein levels determined as described for C. The bar graph summarizes effects of withdrawing Gln from the extracellular culture medium post-TGF-␤1 treatment on the expression of FN, HIF-1␣, and ␣-SMA. The values represent means Ϯ S.E.; the error bars represent S.E. *, p Ͻ 0.05 compared with non-differentiated lung fibroblasts grown in presence of Gln; #, p Ͻ 0.05 compared with TGF-␤1-treated lung fibroblasts grown in presence of Gln; n.s. stands for non-significant difference between means (n ϭ 3; 3 biological replicates total, 1 technical replicate per group per experiment). E, bioenergetic map of lung fibroblasts representing the shift in OCR and ECAR following the switch of cells treated with or without TGF-␤1 to Gln-free medium.
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porting myofibroblast differentiation in response to TGF-␤1. However, the removal of Gln postdifferentiation only partially reversed the myofibroblast phenotype, indicating that the pathways responsible for inducing differentiation are not always necessary to maintain the differentiated state (39, 40) .
Importantly, our data indicate that suppressing glutaminolysis after myofibroblast differentiation reverses TGF-␤1-induced metabolic reprogramming. Increasing the flux of ␣-KG in the TCA cycle ultimately serves to provide reducing equivalents to the mitochondrial electron transport chain for the production of ATP (14, 41) . Myofibroblasts are synthetic and contractile cells, and these functions of myofibroblasts are dependent on OXPHOS and ATP production (30) . TGF-␤1-stimulated glutaminolysis may therefore support myofibroblast functions by satisfying bioenergetic demands through an increase in OXPHOS (cataplerosis) and biosynthetic needs through providing anabolic carbons (anaplerosis). Thus, glutaminolysis during myofibroblast differentiation may be considered an amphibolic process, serving both catabolic and anabolic functions.
Myofibroblast metabolic reprogramming is characterized by an increase in both OXPHOS and glycolysis. The transcription factor HIF-1␣ is a key regulator of the glycolytic switch central to metabolic reprogramming. HIF-1␣ controls the expression of several key enzymes involved in glycolysis such as hexokinase II, GLUT-1, GLUT-3, and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3. Under normoxia, the stabilization of HIF-1␣ has been attributed to the inhibition of prolyl hydroxylases, which target HIF-1␣ for proteasomal degradation (42- 45) . The accumulation of TCA cycle-derived metabolites succinate and fumarate have been reported to block prolyl hydroxylase activity and stabilize HIF-1␣ in cancer cells (46 -49) . TGF-␤1 treatment of lung fibroblasts increases steadystate concentrations of succinate and fumarate. Our data also demonstrate that stabilization of HIF-1␣ at 48 h post-TGF-␤1 under normoxia (or relative hyperoxia) in myofibroblasts depends on GLS1 expression. Therefore, it is likely that TGF-␤1-induced glutaminolysis, through augmenting succinate and fumarate levels, underlies the sustained activation (after 6 h of TGF-␤1 treatment) of HIF-1␣ and thereby supports the glycolytic switch, which we have shown is key to myofibroblast differentiation and contraction (30) .
HIF-1␣ has also been shown to regulate GLS1 expression (36). We examined whether upstream induction of HIF-1␣ was necessary for TGF-␤1-induced expression of GLS1. Although silencing of HIF-1␣ did not prevent TGF-␤1 stimulation of GLS1 expression, we found marked inhibition of HIF-1␣ induction when GLS1 expression was silenced; this supports our model of a downstream effect of sustained HIF-1␣ induction in TGF-␤1/GLS1-dependent differentiation and activation of myofibroblasts.
Myofibroblasts are crucial cellular effectors of dysregulated wound repair responses that result in tissue fibrosis and the stromal response to many cancers. Our studies provide proof of concept that targeting glutaminolysis may be an effective strategy in ameliorating the progression of fibrotic diseases and/or cancers that are characterized by myofibroblast activation.
Experimental procedures
Cell culture
Human diploid fetal lung fibroblasts (IMR-90 cells) at low population doubling (PDL 7) were purchased from Coriell Cell Repositories (Camden, NJ). Lung fibroblasts were cultured in DMEM (Life Technologies Inc.) supplemented with 10% fetal calf serum (HyClone Laboratories, Logan, UT), 100 units/ml penicillin, 100 g/ml streptomycin, 1.25 g/ml amphotericin B, and 2 mM L-glutamine at 37°C in 5% CO 2 , 95% air. Before treatment with porcine platelet-derived TGF-␤1 (2.5 ng/ml; R&D Systems), the cells were switched to 0.5% fetal calf serum containing DMEM supplemented with 100 units/ml penicillin, 100 g/ml streptomycin, and 1.25 g/ml amphotericin B with or without 2 mM L-glutamine.
Reagents
We purchased antibodies to fibronectin (clone IST4, mouse mAb that recognizes an epitope located within the fifth type III repeat of human plasma fibronectin; catalog no. F0916, lot no. A, total cell lysates were isolated from lung fibroblasts transfected with NT (lanes N) or GLS1 (lanes G) siRNA (100 nM), treated with or without L-glutamic acid (2 mM), and treated with or without TGF-␤1 (2.5 ng/ml, 48 h). L-Glutamic acid was added in the reduced serum DMEM (0.5% fetal calf serum supplemented with 2 mM L-glutamine) 1 h prior to the addition of TGF-␤1. Then protein levels of ␣-SMA, HIF-1␣, GLS1, and ␣-tubulin were determined by WB; molecular mass markers are indicated on the left side of the panel (representative WB of n ϭ 3). B, total cell lysates were isolated from lung fibroblasts transfected with NT or GLS1 siRNA (100 nM), treated with or without diethyl-2-oxopentanedioate (esterified form of ␣-KG, 2 mM), and treated with or without TGF-␤1 (2.5 ng/ml, 48 h). Diethyl-2-oxopentanedioate was added in the reduced serum DMEM (0.5% fetal calf serum supplemented with 2 mM L-glutamine) 24 h prior to the addition of TGF-␤1. Then protein levels of ␣-SMA, HIF-1␣, GLS1, and ␣-tubulin were determined by WB; molecular mass markers are indicated on the left side of the panel (representative WB of n ϭ 3). 
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104M4801V), ␤-actin (clone AC-15, mouse mAb against N-terminal peptide; catalog no. A1978, lot no. 043M4840V), and ␣-tubulin (clone B-5-1-2, mouse mAb against C-terminal peptide; catalog no. T5168, lot no. 103M4773V) from Sigma. SMAD3 (clone C67H9, rabbit mAb against amino residues within the amino terminus of SMAD3; catalog no. 9523, lot no. 7), HIF-1␣ (clone D2U3T, rabbit mAb against residues surrounding Lys-460 of human HIF-1␣; catalog no. 14179, lot no. 1), and GAPDH (clone D16H11, rabbit mAb against residues near the carboxyl terminus of human GAPDH; catalog no. 5174S, lot no. 4) antibodies were purchased from Cell Signaling Technology. Antibodies to GLS1 (rabbit polyclonal antibodies directed against a KGA/GAC fusion protein; catalog no. 12885-1-AP, lot no. 00024296) was purchased from Proteintech. Antibodies to ␣-SMA (clone ASM-1, mouse mAb raised against a synthetic NH 2 terminus decapeptide of ␣-smooth-muscle isoform of actin; catalog no. 03-61001, lot no. 406021) was purchased from ARP.
We purchased siRNA (Stealth siRNA) from Invitrogen, including GLS1 (GLSHSS178458; catalog no. 1299001), SMAD3 (SMAD3VHS41111; catalog no. 1299001), HIF-1␣ (HIF1AHSS179231; catalog no. 1299001), and NT (Stealth RNAi TM siRNA negative control kit, catalog no. 12935200). SB431542 (catalog no. 1614, batch #9A/194913) was purchased from Tocris Bioscience. L-Glutamic acid (catalog no. G1251, lot no. SLBS0553V) was purchased from Sigma, and diethyl-2-oxopentanedioate (esterified form of ␣-KG; catalog no. AK126628, lot no. WG0168398 -170418001) was purchased from Ark Pharm, Inc. pCMV-p38DN was a generous gift from Dr. Roger Davis (University of Massachusetts) (50) and Dr. A. Brent Carter (University of Alabama at Birmingham).
Targeted metabolomics
Lung fibroblasts were plated on 100-mm dishes at 8.5 ϫ 10 5 cells/dish. At 80% confluency, the cells were growth arrested by switching the culture medium to a reduced serum medium (0.5% fetal calf serum containing DMEM supplemented with 100 units/ml penicillin, 100 g/ml streptomycin, 1.25 g/ml amphotericin B, and 2 mM L-glutamine). After 16 h in reduced serum medium, TGF-␤1 was added at a final concentration of 2.5 ng/ml for 48 h. Upon completion of treatment, the cells were washed with 5 ml of ice-cold PBS. The cells were then lysed and scraped in 5 ml of HPLC grade ice-cold methanol and incubated at Ϫ80°C for 2 h. The plates were scraped again, and the cell lysates were transferred to glass tubes, where they were centrifuged at ϳ1000 ϫ g for 20 min at 4°C. The supernatants were transferred to new glass tubes and stored at Ϫ80°C until further processing (51) .
Standards were generated as a master mix of all compounds at 100 g/ml in H 2 O and serial-diluted to 10ϫ of the final concentrations (0.05-10 g/ml, 9 standards). Standards were further diluted to 1ϫ in methanol to a total volume of 1 ml and dried by a gentle stream of N 2 . For cell extracts, 1 ml of each were transferred to a glass tube and dried under a gentle stream of N 2 . Standards and samples were resuspended in 50 l of 5% acetic acid and vortexed for 15 s. Amplifex TM Keto Reagent (SCIEX, Concord, Canada) (50 l) was added to each sample and allowed to react for 1 h at room temperature. Standards and samples were then dried under a gentle stream of N 2 and resuspended in 1 ml and 500 l of 0.1% formic acid, respectively.
Samples were analyzed by LC-multiple reaction ion monitoring-mass spectrometry. Liquid chromatography was performed by LC20AC HPLC system (Shimadzu, Columbia, MD) with a Synergi Hydro-RP 4 m 80 A 250 ϫ 2-mm inner diameter column (Phenomenex, Torrance, CA). The mobile phases were: (a) 0.1% formic acid and (b) methanol, 0.1% formic acid. The compounds were eluted using a 5-40% linear gradient of B from 1 to 7 min, followed by a column wash of 40 -100% B from 7 to 10 min, and re-equilibrated at 5% B from 10.5 to 15 min. Column eluent was passed into an electrospray ionization interface of an API 4000 triple-quadrupole mass spectrometer (SCIEX). The following mass transitions were monitored in the positive ion mode: m/z 261/118 for ␣-KG. In the negative mode, the following transitions are monitored: m/z 115/71 for fumarate, m/z 117/73 for succinate, m/z 133/115 for malate, m/z 191/87 for citrate, m/z146/102 for glutamate, and m/z 145/42 for glutamine. Each transition was monitored for 35 ms, with a total cycle time of 560 ms. MS parameters were CAD 4, CUR 15, GS1 60, GS2 30, TEM 600, and IS Ϫ3500 V for the negative polarity mode and IS 4500 for the positive polarity mode. Peak areas of metabolites in the sample extracts are compared in MultiQuant software (SCIEX) to those of the known standards to calculate metabolite concentrations in cell extracts. Dilution factors correction was also applied to samples within MultiQuant software.
Real-time PCR
Real-time PCR was performed as described in Ref. 30 . The primer sequences for KGA, GAC, GLS1, GLS2, ␣-SMA, and SMAD3 are given in Table 1 .
Transfection
siRNA transfection was carried out in Opti-MEM (Thermo Fisher Scientific) using Lipofectamine RNAi/MAX (Invitrogen) and according to the manufacturer's instructions. The final concentration of NT, GLS1, or SMAD3 siRNA was 100 nM. 48 h post-transfection, lung fibroblasts were growth arrested by replacing the transfection medium with 0.5% fetal calf serum DMEM supplemented with 2 mM L-glutamine. Plasmid transfection was performed as described in 
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Ref. 30 . siRNA sequences for SMAD3, GLS1, HIF-1␣, and NT are given in Table 2 .
Western immunoblotting
Total cell lysates were prepared in radioimmune precipitation assay buffer (150 mM NaCl, 1.0% Igepal CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0; SigmaAldrich) supplemented with protease and phosphatase inhibitor mixtures (complete, Mini, EDTA-free, and PhosSTOP, purchased from Roche). Lysates were then subjected to SDS-PAGE under reducing conditions, and Western immunoblotting was performed as described previously (3). Immunoblots were imaged using an Amersham Biosciences 600 Imager (GE Healthcare). The signals were quantitated using ImageQuant TL software.
Assessment of bioenergetics and mitochondrial assay
Lung fibroblasts were plated on Seahorse extracellular analyzer XF96 plates in reduced serum culture medium alone or supplemented with 2 mM L-glutamine. Measurements of the OCR and extracellular acidification were performed as described in Refs. 30 and 52).
Statistical analysis
Statistical analysis was performed using GraphPad software. The data are presented as means Ϯ S.E. Statistical comparisons were made by performing unpaired Student's t tests unless otherwise indicated. 
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